A theoretical study is presented to examine entropy generation in double-diffusive convection in an Electro-osmotic flow (EOF) of nanofluids via a peristaltic microchannel. Buoyancy effects due to change in temperature, solute concentration and nanoparticle volume fraction are also considered. This study was performed under lubrication and Debye-Hückel linearization approximation. The governing equations are solved exactly. The effect of dominant hydrodynamic parameters (thermophoresis, Brownian motion, Soret and Dufour), Grashof numbers (thermal, concentration and nanoparticle) and electro-osmotic parameters on double-diffusive convective flow are discussed. Moreover, trapping, pumping, entropy generation number, Bejan number and heat transfer rate were also examined under the influence of pertinent parameters such as the thermophoresis parameter, the Brownian motion parameter, the Soret parameter, the Dufour parameter, the thermal Grashof number, the solutal Grashof number, the nanoparticle Grashof number, the electro-osmotic parameter and Helmholtz-Smoluchowski velocity. The electro-osmotic parameter powerfully affected the velocity profile. The magnitude of total entropy generation increased as the thermophoresis parameter and Brownian motion parameter increased. Soret and the Dufour parameter had a strong tendency to control the temperature profile and Bejan number. The findings of the present analysis can be used in clinical purposes such as cell therapy, drug delivery systems, pharmaco-dynamic pumps and particles filtration.
Introduction
In 1809, Resuss [1] illustrated an electrokinetic phenomenon known as electroosmosis or Electro-osmotic flow (EOF). It is defined as the flow of fluid in any conduit (e.g., microchannel, capillary tube) under the effect of the external electric field. EOF has many applications in micro-flow injection analysis, micro-liquid chromatography and micro-energy system. Patankar et al. [2] investigated the behavior of electro-osmotic flow through a microchannel. Yang et al. [3] studied the EOF in microfluidics. Tang et al. [4] scrutinized the EOF for a Power-law model. Later, Miller et al. [5] predicted EOF through a carbon nanotube membrane. The medium is induced by propagating a peristaltic wave at velocity c along the microchannel. The temperature, solutal concentration and nanoparticle fraction for the lower channel wall are taken as T 0 , C 0 and F 0 , respectively.
Mathematically, microchannel wall's geometry is expressed as [23] h X, t = a + b sin
where h represents the transverse vibration of the wall, a is the half width of channel, b is the amplitude of wave, X represents the axial coordinate, c is the speed of the wave, λ represents the wavelength and t is the time.
Governing Equations
The equations governing the physical flow problem for nanofluid with double-diffusive convection in electrohydrodynamic (EHD) are [19] ∂ U
Here, ρ e is the electrical charge density, ρ f is the fluid density, ρ p is the nanoparticle mass density, ρ 0 is the nanofluid density at reference temperature (T 0 ), E x is the applied electric field, U represents the velocity along the X direction, V represents the velocity along the Y direction, T is the temperature, C is the solutal concentration, F is the nanoparticle volume fraction, P is the pressure, µ is the fluid viscosity, g is the acceleration due to gravity, β t is the volumetric thermal expansion coefficient of fluid, β c is the volumetric solutal expansion coefficient of fluid, (ρc p ) f is the heat capacity of fluid, (ρc p ) p is the effective heat capacity of nanoparticle, k is the thermal conductivity, D tc is the Dufour diffusivity, D ct is the Soret diffusivity, D b is Brownian diffusion coefficient, D t is Thermophoretic diffusion coefficient and D s is solutal diffusivity.
The Poisson-Boltzmann equation [26] in a microchannel is defined as
Here, ρ e (= −z v e( n − − n + )) is the total charge density, ∈ is the dielectric permittivity, φ is the electric potential, n − is the anion, n + is the cation and defined as n ± = n 0 e (± ezv TavK B φ) .
Moreover, n 0 , z v , e, K B and T av are the bulk concentration, charge balance, electronic charge, Boltzmann constant and average temperature, respectively. The translational transformation between fixed coordinate system X, Y and moving coordinate system ( x, y) is [8] x = X − c t, y = Y, u( x, y) = U X, Y, t − c, v( x, y) = V X, Y, t , p( x, y) = P X, Y, t , T( x, y) = T X, Y, t .
Using the transformations (9) in Equations (2)- (7) , after introducing the dimensionless parameters: uckel linearization approximation [27] and Equation (10), Equation (8) becomes
where m e is the electro-osmotic parameter. The analytical solution of Equation (11) subject to boundary condition ∂φ ∂y = 0, at y = 0 and φ = 1, at y = h(x) yeild
Using Equation (10), followed by long wavelength approximation [8] , Equations (3)- (7) can be reduced to following form:
∂p
Entropy 2019, 21, 986 6 of 21
The dimensionless boundary conditions are:
Solution Procedure

Analytical Solution
The analytical solutions [17] of temperature, solutal concentration and nanoparticle volume fraction field are obtained after solving simultaneous Equations (15)-(17) subject to boundary condition (18a,b):
Using Equations (19)- (21) in Equation (13) and using boundary condition (18a) and (18b), the analytical solution of axial velocity is obtained as:
cosh(m e h) , (22) where
The volume flow rate is given by
Using Equation (22) after rearranging the terms, pressure gradient is obtained as
The pressure rise across one wavelength ∆P is as follows:
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The volume flow rate in fixed frame is given by
Using Equation (9) in Equation (26) and after integration, we obtain
The time average flow rate over one time period is defined as
Qdt.
Using Equations (10) and (27) in Equation (28), we obtain
The stream function u = ∂ψ ∂y , v = − ∂ψ ∂x in wave frame takes the following form:
The heat transfer coefficient Z at the wall (y = h(x)) is as follows:
Entropy Generation Analysis
The dimensional volumetric entropy generation during nanofluid flow with double diffusive convection is given by
Equation (32) comprises two parts: one part consists of entropy generation due to heat transfer and the second part consists of entropy generation due to solutal concentration.
The characteristics entropy generation is given as
Using Equations (10) and (33) , the non-dimensional volumetric entropy generation can be expressed as
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The total entropy generation or entropy generation number N s in Equation (34) can be written as sum of
Here, N HT is the dimensionless entropy generation due to heat transfer and N DC represent the dimensionless entropy generation due to solutal concentration.
The thermal irreversibility of the system is defined as the Bejan number B e [38] :
Results and Discussion
The main objective of this section is to explain the effects of various parameters (i.e., thermophoresis parameter N t , Brownian motion parameter N b , Soret parameter N ct , Dufour parameter N tc , thermal Grashof number G rt , solutal Grashof number G rc , nanoparticle Grashof number G r f , electro-osmotic parameter m e and Helmholtz-Smoluchowski velocity U hs ) on the velocity profile u, pressure rise ∆P, pressure gradient dp/dx, temperature profile θ, solutal concentration profile Ω, nanoparticle volume faction profile γ , entropy generation number N s , Bejan number B e and heat transfer coefficient Z. Moreover, the trapping phenomenon is also illustrated. The graphical results are shown in Figures 2-17. Figure 2a ,b shows that the magnitude of axial velocity u decreased for increasing values of N t and N b . As a result, the deposition of thermophoretic particles was reduced and the central axes of the micro channel had an increased particle accumulation. This sedimentation of the nanoparticles can be adjusted by controlling the thermal gradient, applied externally to the fluid. This is significant as nanoparticle suspension in the nanofluid blocks the fluid flow which affects the system's performance. Consequently, monitoring the deposition of nanoparticles in the fluid is the main requirement. Figure 2c demonstrates that the magnitude of u was reduced for increasing values of N ct , although in Figure 2d , a contrary response is observed for N tc . Figure 2e ,f portrays that the magnitude of u increased with the increase in G rt and G rc . However, it declined for increasing values of G r f , as shown in Figure 2g . This demonstrates that the change in concentration of nanoparticles reduced velocity while with a changing temperature and solutal concentration, velocity progresses. Figure 2h predicts that m e will enhance the magnitude of axial velocity u. Since m e is the ratio of the channel height to the Debye length λ d , it indicates that λ d is inversely proportional to electric double layer thickness. Hence, more fluid flows in the central region. Figure 2i visualizes that U hs develops the magnitude of u. That means velocity of the fluid can be improved by increasing the magnitude of external electric field. of nanoparticles reduced velocity while with a changing temperature and solutal concentration, velocity progresses. Figure 2h predicts that will enhance the magnitude of axial velocity . Since is the ratio of the channel height to the Debye length , it indicates that is inversely proportional to electric double layer thickness. Hence, more fluid flows in the central region. Figure  2i visualizes that ℎ develops the magnitude of . That means velocity of the fluid can be improved by increasing the magnitude of external electric field. 
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Pumping Characteristics
Figure 3a-i shows the variation of pressure difference across one wavelength Δ against the average flow rate Θ. These figures show the linear relationship between Δ and Θ. The pumping phenomenon was divided into four segments: pumping region (adverse pressure gradient Δ > 0, Positive pumping Θ > 0), backward/retrograde pumping (Δ > 0, Θ < 0), augmented pumping (favorable pressure gradient Δ < 0, Positive pumping Θ > 0) and free pumping (Δ = 0). Figure  3a ,b represents Δ for increasing values of and . This shows that pumping decreased throughout the whole region. This is very helpful in nanofluid drug delivery systems [11] . 
Figure 3a-i shows the variation of pressure difference across one wavelength ∆P against the average flow rate Θ. These figures show the linear relationship between ∆P and Θ. The pumping phenomenon was divided into four segments: pumping region (adverse pressure gradient ∆P > 0, Positive pumping Θ > 0), backward/retrograde pumping (∆P > 0, Θ < 0), augmented pumping (favorable pressure gradient ∆P < 0, Positive pumping Θ > 0) and free pumping (∆P = 0). Figure 3a ,b represents ∆P for increasing values of N t and N b . This shows that pumping decreased throughout the whole region. This is very helpful in nanofluid drug delivery systems [11] . Figure 3c-i highlights that pumping increased as the Soret parameter N ct , the Dufour parameter N tc , the thermal Grashof number G rt , the solutal Grashof number G rc , the nanoparticle Grashof number G r f , the electro-osmotic parameter m e and Helmholtz-Smoluchowski velocity U hs increased. Here, ∆P is in a linear relationship with flow rate Θ.
The variation of pressure gradient dp/dx is presented in Figure 4a -i for different physical flow parameters. Figure 4a ,b highlights that the magnitude of dp/dx decreased as N t and N b increased. Figure 4c -f shows that the Soret parameter N ct , the Dufour parameter N tc , the thermal Grashof number G rt and the solutal Grashof number G rc distinctly enhanced the magnitude of dp/dx. Conversely, nanoparticle Grashof number G r f acted to strongly reduce dp/dx values, as shown in Figure 4g . This demonstrates that dp/dx can be controlled by adjusting the G r f . However, Figure 4h ,i shows that the values of dp/dx were enhanced for increasing values of electro-osmotic parameter m e and the Helmholtz-Smoluchowski velocity U hs .
while the other parameters are = 0, = 0.06, = 1,
The variation of pressure gradient ⁄ is presented in Figure 4a -i for different physical flow parameters. Figure 4a ,b highlights that the magnitude of ⁄ decreased as and increased. 
Trapping Characteristics
Trapping for different values of the thermophoresis parameter N t , Brownian motion parameter N b , Soret parameter N ct , Dufour parameter N tc , thermal Grashof number G rt , solutal Grashof number G rc , nanoparticle Grashof number G r f , electro-osmotic parameter m e and Helmholtz-Smoluchowski velocity U hs are shown in Figures 5-11. Figures 5a-c and 6a-c display streamline structure for different values of N t and N b . These reveal that the number and size of trapped bolus increased as N t and N b increases. Figure 7a -c shows that the size of trapped bolus expanded with increasing G rt . However, a reverse trend for solutal Grashof number G rc , nanoparticle Grashof number G r f and electro-osmotic parameter m e (shown in Figures 8-10 ). Furthermore, Figure 11a -c discloses that the number of trapped bolus increased for dissimilar values of U hs .
(g) (h) (i) Figure 4 . Pressure gradient ⁄ profile for (a) Nt, (b) Nb, (c) Nct, (d) Ntc, (e) Grt, (f) Grc, (g) Grf, (h) me, (i) Uhs, while other parameters are = 0, = 0.06, Θ = 0.9, = 1, = 1, = 1, = 2, = 5, = 1, = 1, = 3, ℎ = 1. Figure 5 ( − ) and 6( − ) display streamline structure for different values of and . These reveal that the number and size of trapped bolus increased as and increases. Figure 7( − ) shows that the size of trapped bolus expanded with increasing . However, a reverse trend for solutal Grashof number , nanoparticle Grashof number and electro-osmotic parameter (shown in Figures (8-10) ). Furthermore, Figure 11 ( − ) discloses that the number of trapped bolus increased for dissimilar values of ℎ . (g) (h) (i) Figure 4 . Pressure gradient ⁄ profile for (a) Nt, (b) Nb, (c) Nct, (d) Ntc, (e) Grt, (f) Grc, (g) Grf, (h) me, (i) Uhs, while other parameters are = 0, = 0.06, Θ = 0.9, = 1, = 1, = 1, = 2, = 5, = 1, = 1, = 3, ℎ = 1. Figure 5 ( − ) and 6( − ) display streamline structure for different values of and . These reveal that the number and size of trapped bolus increased as and increases. Figure 7( − ) shows that the size of trapped bolus expanded with increasing . However, a reverse trend for solutal Grashof number , nanoparticle Grashof number and electro-osmotic parameter (shown in Figures (8-10) ). Furthermore, Figure 11 ( − ) discloses that the number of trapped bolus increased for dissimilar values of ℎ . 
Temperature Characteristics
The effects of thermophoresis parameter , Brownian motion parameter , Soret parameter and Dufour parameter were examined for heat profile . Figure 12a ,b demonstrates that the magnitude of temperature distribution declines for values of and . In addition, Figure 12c displays that the magnitude of temperature distribution was enhanced for more values of . As, Soret parameter is the ratio of temperature to concentration, hence, bigger stands for a higher temperature. Figure 12d shows that the magnitude of temperature distribution was boosted for higher values of . Since shows the contribution of concentration gradient to (a) (b) 
The effects of thermophoresis parameter N t , Brownian motion parameter N b , Soret parameter N ct and Dufour parameter N tc were examined for heat profile θ. Figure 12a ,b demonstrates that the magnitude of temperature distribution θ declines for values of N t and N b . In addition, Figure 12c displays that the magnitude of temperature distribution θ was enhanced for more values of N ct . As, Soret parameter N ct is the ratio of temperature to concentration, hence, bigger N ct stands for a higher temperature. Figure 12d shows that the magnitude of temperature distribution θ was boosted for higher values of N tc . Since N tc shows the contribution of concentration gradient to thermal energy flux in the flow, it is evident that the increase in N tc caused a rise in temperature.
Concentration Characteristics
The influence of thermophoresis parameter N t , Brownian motion parameter N b , Soret parameter N ct and Dufour parameter N tc are observed for concentration profile Ω. Figure 13a ,b concludes that the magnitude of Ω increased for more values of N t and N b . Moreover, Figure 13c displays that the magnitude of Ω decayed for more values of N ct . In addition, Soret parameter N ct is the ratio of temperature to concentration. Hence, higher values of N ct lead to decay in concentration. Figure 13d shows that the magnitude of Ω declined for higher values of N tc . displays that the magnitude of temperature distribution was enhanced for more values of . As, Soret parameter is the ratio of temperature to concentration, hence, bigger stands for a higher temperature. Figure 12d shows that the magnitude of temperature distribution was boosted for higher values of . Since shows the contribution of concentration gradient to thermal energy flux in the flow, it is evident that the increase in caused a rise in temperature. 
The influence of thermophoresis parameter , Brownian motion parameter , Soret parameter and Dufour parameter are observed for concentration profile . Figure 13a ,b concludes that the magnitude of increased for more values of and . Moreover, Figure 13c displays that the magnitude of decayed for more values of . In addition, Soret parameter is the ratio of temperature to concentration. Hence, higher values of lead to decay in concentration. Figure 13d shows that the magnitude of declined for higher values of . displays that the magnitude of temperature distribution was enhanced for more values of . As, Soret parameter is the ratio of temperature to concentration, hence, bigger stands for a higher temperature. Figure 12d shows that the magnitude of temperature distribution was boosted for higher values of . Since shows the contribution of concentration gradient to thermal energy flux in the flow, it is evident that the increase in caused a rise in temperature. 
The influence of thermophoresis parameter , Brownian motion parameter , Soret parameter and Dufour parameter are observed for concentration profile . Figure 13a ,b concludes that the magnitude of increased for more values of and . Moreover, Figure 13c displays that the magnitude of decayed for more values of . In addition, Soret parameter is the ratio of temperature to concentration. Hence, higher values of lead to decay in concentration. Figure 13d shows that the magnitude of declined for higher values of . 
Nanoparticle Volume Fraction Characteristics
The influence of thermophoresis parameter , Brownian motion parameter , Soret parameter and Dufour parameter is noticed for nanoparticle volume fraction profile . 
The influence of thermophoresis parameter N t , Brownian motion parameter N b , Soret parameter N ct and Dufour parameter N tc is noticed for nanoparticle volume fraction profile γ. Figure 14a demonstrates that the magnitude of γ increased for more values of N t . However, Figure 14b Figure 15a -d illustrates the impact of thermophoresis parameter , Brownian motion parameter , Soret parameter and Dufour parameter on entropy generation number . Figure 15a ,b demonstrates that the magnitude of increased for added values of and . This was due to thermal irreversibility, i.e., for higher value of and , thermal irreversibility increased very quickly, near the wall. Moreover, Figure 15c displays that the magnitude of decayed for more values of
Entropy Production
. Figure 15d shows that the magnitude of increased for higher values of . Figure 15a ,b demonstrates that the magnitude of N s increased for added values of N t and N b . This was due to thermal irreversibility, i.e., for higher value of N t and N b , thermal irreversibility increased very quickly, near the wall. Moreover, Figure 15c displays that the magnitude of N s decayed for more values of N ct . Figure 15d shows that the magnitude of N s increased for higher values of N tc . Figure 16a -d demonstrates the effect of thermophoresis parameter N t , Brownian motion parameter N b , Soret parameter N ct and Dufour parameter N tc on Bejan number B e . Figure 16a ,b implies that the magnitude of B e declined for more values of N t and N b . In addition, Figure 16c displays that the magnitude of B e enhanced for more values of N ct near y = 0. Figure 16d shows that the magnitude of N s ascended near y = 0 for higher values of N tc . parameter , Soret parameter and Dufour parameter on entropy generation number . Figure 15a ,b demonstrates that the magnitude of increased for added values of and . This was due to thermal irreversibility, i.e., for higher value of and , thermal irreversibility increased very quickly, near the wall. Moreover, Figure 15c displays that the magnitude of decayed for more values of . Figure 15d shows that the magnitude of increased for higher values of . Figure 16d shows that the magnitude of ascended near = 0 for higher values of . 
Heat Transfer Coefficient
Concluding Remarks
A theoretical model for the entropy generation in electro-osmotic peristaltic flow of nanofluid with double-diffusive convection through microchannel is reported. The exact solutions are presented for quantities of interest. The results of this study are similar to the results of [11] , when ℎ = 0. Moreover, results of this study are comparable to the results of [6] , when = = = ℎ = 0. From the current analysis, we conclude that •
The magnitude of total entropy generation increased as the thermophoresis parameter and Brownian motion parameter increases. • Soret parameter and Dufour parameter strongly controlld the temperature profile and Bejan number profile.
•
The velocity, pressure difference, pressure rise, temperature and Bejan number profile decreased as thermophoresis parameter and Brownian motion parameter increased. = 1, ε = 0.01, Θ = 0.9, N t = 1, N b = 1, N ct = 1, N tc = 2, G rt = 5, G rc = 1, G r f = 1, m e = 3, U hs = 1.
Concluding Remarks
A theoretical model for the entropy generation in electro-osmotic peristaltic flow of nanofluid with double-diffusive convection through microchannel is reported. The exact solutions are presented for quantities of interest. The results of this study are similar to the results of [11] , when U hs = 0. Moreover, results of this study are comparable to the results of [6] , when G rt = G rc = G r f = U hs = 0. From the current analysis, we conclude that
•
The magnitude of total entropy generation increased as the thermophoresis parameter and Brownian motion parameter increases. • Soret parameter and Dufour parameter N tc strongly controlld the temperature profile and Bejan number profile.
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